Background: Decreased circulating tryptophan (Trp) levels are frequently observed in elderly patients with neurodegenerative disease including Alzheimer's disease. Trp may serve as a potential biomarker for monitoring disease risk in elderly people. We aimed to investigate the association between low plasma Trp levels and olfactory function, which is known to predict age-related diseases including dementia in elderly people.
Background
Ageing is associated with physiological and mental decline, which leads to life-limiting conditions. Early detection of disease risk is recognized as a critical strategy for the prevention of age-related diseases and the extension of lifespan. However, few clinical biomarkers have been identified to monitor the health conditions of elderly people.
Amino acids in biological fluids provide important biochemical and nutritional information [1, 2] . Tryptophan (Trp) is an essential amino acid that plays several important roles including the regulation of neuronal activity [3] . In rodents and humans, two rate-limiting enzymes, indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), regulate systemic and local Trp levels by converting Trp to kynurenines [4] . The overexpression of these two enzymes is reported to enhance Trp degradation, which results in low Trp levels in tissues and biological fluids [3] . Because Trp is also converted into neurotransmitters such as serotonin and melatonin, enhanced Trp degradation through activation of the kynurenine pathway could lead to low levels of these neurotransmitters and affect neuronal activity. Indeed, low circulating Trp levels are frequently observed in elderly patients with neurodegenerative disease including Alzheimer's disease [5] [6] [7] [8] . Although the precise mechanism underlying decreased plasma Trp levels, elevated IDO expression by increased inflammatory cytokines (e.g. IFN-γ) could contribute to low plasma Trp levels in the age-related diseases. Therefore, Trp may serve as a potential biomarker for monitoring disease risk in elderly people.
Olfaction is a critical component of human physiology and is essential for the maintenance of health through avoiding environmental hazards or the regulation of appetite [9, 10] . Some independent studies have revealed that olfactory dysfunction predicts age-related diseases and mortality [11] [12] [13] [14] . Therefore, olfactory dysfunction appears to precede the clinical signs of health problems in elderly people. The olfactory system consists of the olfactory conductions, the olfactory bulbs, and multiple brain regions including the primary olfactory cortices and higher order brain regions involved in odour recognition and memory [15] . The olfactory bulb is the initial processing centre for odorant sensory information transduced by olfactory receptor neurons in the olfactory epithelium. Interestingly, the olfactory bulb is densely innervated by serotonergic fibres [16] and expresses melatonin receptors in mammals [17] . Because Trp is a precursor for these neurotransmitters, we have hypothesized that abnormal Trp metabolism might be associated with olfactory dysfunction.
Recently, we performed a community-based cohort study called the Health, Aging and Nutritional Improvement study (HANI study), which was designed to investigate the relationships between nutrition, food, and health conditions. Olfactory function was included in the HANI study to assess the association between disease risk and plasma amino acid profiles. Here, we analysed the baseline data from the HANI study and found associations between low plasma Trp levels and olfactory dysfunction in elderly people.
Methods

Subjects
The HANI study is an interventional study addressing the relationship between life style and health conditions that includes a five-year follow-up to determine disease risk. Briefly, a total of 330 community-dwelling adults age 60 or older residing in Kita-ku, Tokyo were recruited in November in 2013. Participants annually underwent the following procedures: 1) venous blood draw, 2) extensive physical and olfactory examination, and 3) questionnaire regarding dietary history. In February 2014, a modest intervention of nutrition counselling was started and continued until March 2016. In this paper, we analysed the baseline data from 2013 before the intervention to examine relationships between plasma amino acids, biochemical data and olfactory function. The plasma amino acid levels of 144 elderly people (65 years or older) were subjected to analysis. All data were analysed anonymously throughout the study.
Clinical assessment
Body composition (body weight, body fat mass and skeletal muscle mass) was determined using bioelectrical impedance analysis (Inbody 2.0, InBody Japan, Inc., Tokyo, Japan). Obese and lean elderly subjects were identified using a body mass index (BMI) ≥ 25 and <18.5, respectively. Protein malnutrition was defined as albumin levels <3.5 g/L. Anaemia was determined using the World Health Organization (WHO) criteria (haemoglobin (Hb) levels <13 g/dL for men and <12 g/dL for women). Dietary intake was estimated using a brief-administered dietary history questionnaire (BDHQ) for the subjects [18] . The BDHQ was conducted on the same day as blood draw and olfactory examination.
Measurement of olfactory function
Odour identification was assessed using the Open Essence test (OE test, Wako Pure Chemical Industries, Saitama, Japan) [19, 20] . The OE test is a card-type test developed for Japanese people to assess odour identification. The OE test includes 12 odour items that are familiar to Japanese people (india ink, timber, perfume, menthol, orange, curry, cooking gas, rose, the Japanese cypress "hinoki", sweaty smelling socks, condensed milk, and roasted garlic). Subjects wiped their fingers with an odourless wet tissue to remove any smells before the OE test. The OE score was defined as the number of correct answers [21] . Scores of 7 or lower on the OE test were defined as olfactory dysfunction [21] .
Determination of amino acid levels in plasma
Blood samples were taken after an overnight fast. Blood samples were collected from the forearm veins of subjects and stored in tubes containing disodium ethylenediaminetetraacetate (2Na·EDTA). The tubes were immediately placed in a portable blood tube cooler (CubeCooler®; Tochigi, Japan). Plasma was prepared by centrifuging the samples at 3000 rpm at 4°C for 15 min and then stored at −80°C until analysis. The plasma samples were deproteinized using acetonitrile at a final concentration of 80% before the measurements. The concentrations of the plasma amino acids were measured using HPLC-ESI-MS, followed by pre-column derivatization using previously described analytical methods [22] . The concentrations of essential amino acids are listed in Additional file 1: Table S1 . Individuals with low plasma amino acid levels were classified according to the lower limit values (men: 47 μg/mL; women: 40.9 μg/mL) of the reference interval from a recent report [23] .
Statistical analysis
Categorical data were analysed using Fisher's exact test (JMP ver. 12.1.1 software, SAS Institute Inc., Cary, NC, USA), and continuous data were compared using Welch's t-tests (GraphPad Prism ver. 6.07, GraphPad Software, La Jolla, CA, USA). The association of low plasma Trp levels with olfactory dysfunction was examined using multiple logistic regression models adjusting for age and sex (likelihood ratio tests: JMP ver. 12.1.1 software, SAS Institute Inc., Cary, NC, USA). Significance was set at P < 0.05. All data were analysed anonymously throughout the study.
Results
Characteristics of the elderly subjects in the HANI study
The population characteristics of the elderly subjects in the HANI study are summarized in Table 1 . There were no subjects with abnormal biochemical parameters, such as serum albumin or impaired activities of daily living (ADL). The prevalence of anaemia was 6.5%. The plasma amino acid levels were determined, and the number of subjects with low plasma free amino acid levels were calculated based on the concentrations of the plasma free amino acids shown in Additional file 1: Table S1 . Among the essential amino acids, the highest rate was observed in the elderly subjects with low plasma Trp levels (low Trp group, 11.1%). The low Trp group was compared with the control group with normal plasma Trp levels. The amino acid profile of the low Trp group is shown in Additional file 2: Table S2 . There were no significant differences in BMI, serum albumin, and haemoglobin between the low Trp group and the normal Trp group. The mean age in the low Trp group was slightly higher than in the normal Trp group (Table 1) . There were no significant differences in energy intake and protein intake between normal and low Trp group (Additional file 3: Table S3 ).
Relationship between low plasma Trp levels and olfactory function
Next, we examined the relationship between olfactory function and low plasma Trp levels. The mean OE score of the low Trp group was lower than that of the control group (4.4 ± 2.4 vs. 6.5 ± 2.8, P = 0.0049, Table 1 ). The low Trp group showed a higher rate of olfactory dysfunction compared with the control group (94% vs. 61%; odds ratio [OR], 9.62; 95% CI, 1.2-75.1; P = 0.0107).
The correct-answer rate for each smell in the OE test is listed in Table 2 . The low Trp group showed a significantly lower correct-answer rate for india ink (25.0% vs. 63.0%; OR, 5.11; 95% CI, 1.6-16.7; P = 0.0058), perfume (6.3% vs. 35.9%; OR, 8.41; 95% CI, 1.1-65.8; P = 0.0211), curry (62.5% vs. 84.4%; OR, 3.24; 95% CI, 1.1-9.9; P = 0.0431) and sweaty smelling socks (31.3% vs. 63.3%; OR, 3.79; 95% CI, 1.2-11.6; P = 0.0277) compared with the control group. There were no significant differences in the correct-answer rate for timber, menthol, mandarin orange, cooking gas, rose, cypress wood and roasted garlic between the two groups. Because the low Trp group (77.5 ± 6.4 years) was slightly older than the control group (73.2 ± 5.3 years), a multiple regression analysis was performed to consider the factor of age. Even after adjusting for age and sex, significant associations remained between low plasma Trp levels and a low correct-answer rate for India ink (OR, 5.16; 95% CI, 1.6-19.9; P = 0.0047), perfume (OR, 7.40; 95% CI, 1.38-137; P = 0.0154) and sweaty smelling socks (OR, 3.26; 95% CI, 1.06-11.2; P = 0.0384) in the OE test (Table 3) . There was also a significant association between low Trp levels and olfactory dysfunction in the adjusted analysis (OR, 7.75; 95% CI 1.42-145, P = 0.0142). On the other hand, there was no significant relationship between low plasma concentrations of other essential amino acids (e.g. leucine) and olfactory dysfunction (data not shown). These results suggest that low plasma Trp levels are independently associated with olfactory dysfunction.
Discussion
Trp is a precursor of several bioactive compounds, including neurotransmitters, and its metabolism plays a crucial role in the immune system and neuronal activity. In fact, enhanced degradation of Trp through the kynurenine pathway has been observed in several diseases including immunological disorders [24, 25] or neurodegenerative diseases (e.g., Alzheimer's disease) [5, 6, 8] . Therefore, low circulating Trp levels could be associated with diseases and health problems. In the present study, we found an association between low plasma Trp levels and olfactory dysfunction in Japanese elderly people.
This result is tempting to speculate that low circulating Trp levels reflect abnormal Trp metabolism, which leads to the dysregulation of bioactive Trp metabolites and consequently causes olfactory dysfunction. Thus, low levels of plasma Trp may indicate decreased olfactory function. Potentially modifiable lifestyle factors could reduce the risk of cognitive decline and neurodegenerative diseases in elderly individuals. In recent years, the concept of cognitive reserve has been proposed as a mechanism to explain individual differences in rates of cognitive decline [26] . It is possible that lifestyle factors may enhance cognitive reserve, resulting in greater resilience against the effects of developing neuropathology [27, 28] . Interestingly, one study reported that olfactory function may act as a cognitive reserve in patients with Parkinson's disease [29] . Although the underlying mechanism is still unclear, olfactory dysfunction may interfere with life style factors such as dietary patterns and thus affect cognitive reserve [26, 28] , which may in turn explain how olfactory dysfunction predicts neurodegenerative diseases and mortality [11] [12] [13] [14] . Because low plasma Trp levels are associated with olfactory dysfunction, we hypothesize that low plasma Trp levels represent a clinical sign of disease risk or reduced cognitive reserve in elderly individuals. Further longitudinal analysis will be required to definitively address this hypothesis.
There are three major limitations of this study. First, the number of elderly subjects with low plasma Trp levels was small. Although the rate of elderly people with low plasma Trp levels was the largest (11.1%) among the essential amino acids, further clinical studies are needed with a larger sample size. Second, only the OE test was used to assess olfactory function. We chose this method in our study because the OE test consists of odorants familiar to the Japanese population and has been used for several studies in Japanese subjects (20) . However, numerous tests using various types of smells are available to assess olfactory function (e.g., the University of Pennsylvania Smell Identification Test: UPSIT). In the present study, the scores for the smells of India ink, perfume, and cypress wood were significantly lower in elderly people with low plasma Trp levels, while other smells showed no difference between the groups (Table 3 ). This clearly indicates that clinical studies may produce different results depending on the methods used to assess olfactory function. Thus, other methods should be considered for future studies. Last, because of the cross-sectional analysis, we did not demonstrate a direct association between low Trp levels and olfactory dysfunction. However, although there has been no evidence for the effects of supplementation of Trp alone on olfactory function, a combination of DHA, melatonin and Trp was shown to improve olfactory function in patients with mild cognitive impairment (MCI) [30] , which supports our hypothesis that Trp dysregulation affects olfactory function.
Conclusions
Our findings showed that low plasma Trp levels were associated with olfactory dysfunction in healthy elderly community dwellers in Japan. Thus, low levels of plasma Trp may lead to a decrease in olfactory function. Because there is considerable evidence that olfactory function contributes to the pathophysiology or development of diseases, plasma Trp may serve as a potential marker of health problems or disease risk in elderly populations.
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